Background: The blood-boosting spleen contraction represents a potential protective response to hypoxia by raising the blood gas storage capacity. Human spleen contraction has been observed during exercise, apnea and simulated altitude resulting in ejection of stored red blood cells into circulation. High-altitude exposure has been shown to increase spleen contraction suggesting that long-term hypoxia may improve the response in humans. Subjects with COPD are often exposed to hypoxia, which limits their physical performance. However, it is not known if spleen contraction occurs in subjects with COPD. Our aim was to reveal whether subjects with COPD recruit the spleen erythrocyte reserve during mild exercise. Methods: SpO 2 , spleen volume and Hb were measured before and after 6 min walking test (6MWT) in 24 subjects with COPD. Results were analyzed for all subjects pooled and for subject groups with resting SpO 2 above and below 90 % separated and expressed as mean. Results: 6MWT reduced SpO 2 from 91 to 83 % and spleen volume from 254 to 181 mL, while Hb increased from 150 to 154 g/L (p = 0.001 for all). Compared to subjects with SpO 2 > 90 %, the group with SpO 2 < 90 % displayed the largest resting spleen volume (339 vs 202 mL; p = 0.001) and the most pronounced spleen volume reduction (139 vs 40 mL; p = 0.007). Conclusion: Exercise with hypoxia evokes spleen contraction in subjects with COPD and may represent a protective response during periods of hypoxia. The larger spleen volume and more pronounced contraction in the most hypoxic subjects may suggest long-term adaptation to hypoxia.
Background
The mammalian spleen functions as an erythrocyte reservoir recruited via spleen contraction during physiological stress [1] . In e.g. diving seals, spleen contraction may prolong aerobic dive duration [2, 3] . In healthy human subjects, spleen contraction and circulating hemoglobin (Hb) increase have also been observed during apnea [4] [5] [6] [7] . Interestingly, apnea in splenectomized subjects was found not to induce a Hb increase [5] , and neonates with asplenia showed impaired transient elevation of blood Hb in response to acute hypoxia [8] . Bakovic and associates concluded that the contraction is an active process, as no differences in blood flow in the splenic artery or vein occurred [9] , and total plasma protein levels remained unchanged across apnea series ruling out extravasation of plasma [5] .
Spleen-contraction-induced increases in Hb concentration may have beneficial effects during hypoxia, e.g. prolonging apnea duration [4] . Splenic contribution of Hb to the circulating blood volume has also been observed in healthy subjects during exercise [10] [11] [12] and more recently during altitude simulation by normobaric hypoxia [13, 14] . This suggests that spleen contraction may be an emergency response triggered in a number of circumstances involving hypoxia. Both hypoxia and hypercapnia will enhance spleen contraction during apnea, with the net effect being greatest with both stimuli present [13] [14] [15] . Injection of catecholamines has also been shown to induce spleen contraction, suggesting that it is also a general stress response [16, 17] .
In competitive apnea divers, it has been noted that the best divers have the largest spleens involving volumes of up to 500 mL and ejection of 250 mL of blood [18] with a hematocrit of about twice normal arterial hematocrit into circulation during apnea [19] . Large spleen volume and the ability to contract the spleen in apneic divers frequently exposed to hypoxia may reflect either inherent predisposition, or possibly a training effect. Both the elevated oxygen (O 2 ) storage and carbon dioxide (CO 2 ) buffering capacity associated with the enhanced hematocrit would be beneficial for prolonging apneic duration by delaying asphyxia.
The ability to withstand acute and chronic hypoxemia is important in several medical conditions, such as respiratory disorders. Subjects with chronic obstructive pulmonary disease (COPD) may have acute, intermittent and/or chronic hypoxemia [20] , which limits their physical performance [21] . In subjects with COPD, a dynamic spleen reservoir increasing circulating erythrocyte volume and blood O 2 storage capacity would likely be beneficial e.g. during transient periods of physiological strain and also to reduce blood viscosity by filtration of erythrocytes back into the spleen after its re-expansion during periods of rest. It is unknown, however, whether spleen contraction occurs in subjects with COPD, to what degree and under what circumstances. Our aim was to reveal whether subjects with COPD recruit the spleen erythrocyte reserve during mild exercise, and whether spleen volume varies with the level of hypoxia during exercise.
Methods

Subjects
The study was carried out at the Department of Respiratory Medicine at Östersund Hospital, Sweden. The ambition was to include a convenient sample representing subjects with moderate to very severe COPD with patients acting as their own controls, and with a possibility to compare responses between subjects with different levels of O 2 saturation. Twenty-four subjects, 9 men and 15 women with moderate to very severe COPD [20] , were recruited in connection with an elective outpatient visit. A description of study subjects is presented in Table 1 . All subjects had taken their bronchodilators (short-acting β-agonist, long-acting β-agonist, ipatropium, and/or tiotropium) at least one hour prior to the start of the study protocol. Eight subjects had taken their morning beta-blockers prior to the protocol. Four subjects were on long-term O 2 therapy 16-20 h/day and arrived to the outpatient department without their O 2 therapy, and did not receive O 2 therapy during the study measurements. Twenty-one subjects were ex-smokers, two current smokers and one subject had never smoked regularly.
Common co-morbidities were hypertension (seven subjects), coronary heart disease (six), and diabetes (four). One subject had alpha-one-antitrypsin deficiency and one had known pulmonary hypertension. Written informed consent was obtained, and the study had been approved by the regional ethics committee at Umeå University, Sweden.
Protocol
The work test protocol consisted of 10 min of sitting rest, followed by the subject standing up for two min and a six min walking test (6MWT) [22] and an additional 10 min of sitting rest. The 6MWT is commonly used in clinical practice and clinical trials of lung disease. The 6MWT was done by walking back and forth on a marked 30 m track at a speed chosen by the subject, after the instruction to try to cover as much distance as possible in 6 min. The subject was accompanied by an assistant walking at arm's length for safety.
Measurements
On the arrival at the Respiratory Department spirometry was done to measure forced FEV 1 (forced expiratory volume first second) and FVC (forced expiratory volume). Heart rate (HR) and peripheral oxygen saturation (SpO 2 ) were measured continuously across the protocol, using a portable pulse-oxymeter (Wristox Nonin 9500 Onyx, Nonin Medical Inc., MN, USA). During the resting periods before and directly after the 6MWT, spleen maximal length (L) thickness (T) and width (W) were measured using ultrasonic imaging (Mindray DP-6600, Shenzhen Mindray Bio-Medical Electronics Co., Ltd., Shenzhen, China) every minute for volume calculations using the formula Lπ(WT-T 2 )/3 [7] . The formula is based on the average shape of the spleen, and describes the difference between two ellipsoids divided by two. Capillary blood samples were drawn from the finger after the initial 10 min. rest, directly after 6MWT and 10 min post walking for Hb, which were directly analyzed in triplicate (Hemocue Hb 201+, Hemocue AB, Ängelholm, Sweden) and mean values used.
Analysis
As no gender effects were found, genders were pooled. Analysis of all variables was done for the whole group of 24 subjects, and also for subjects separated into "nonhypoxic" (resting SpO2 > 90 %; n = 15; 7 males) and "hypoxic" (resting SpO2 < 90 %; n = 9; 2 males) COPD groups. Normality of distribution was checked with Shapiro-Wilks test and normal probability plots. As some variables were not normally distributed, nonparametric tests were used in all analyses. Two-sided paired Wilcoxon test with Bonferroni correction for multiple corrections was used to compare the baseline versus post 6MWT values. The individual values of spleen volume, Hb and SpO 2 were analyzed for correlation both pre and post 6MWT with Spearman's rank correlation coefficient. Pre values for spleen volume was determined from the last minute before the apnea onset. Mann-Whitney U test was used for comparisons between groups. Significance was accepted at p < 0.05.
Results
Baseline SpO 2 correlated to spleen volume (r = −0.55, p = 0.005) and SpO 2 post exercise to spleen volume reduction (r = −0.62, p = 0.001).
Spleen volume was reduced along with SpO 2 by the 6MWT (p < 0.001; Fig. 1 ) and changes were reversed within 10 min after the test. Hb was 150 g/L at baseline and had increased by 3.9 g/L after walking (p = 0.001) and after 10 min recovery Hb remained elevated by 1.4 g/L (p = 0.002; Fig. 2 ). Baseline spleen volume and Hb were correlated to baseline SpO 2 (r = −0.55, p = 0.005 and r = −0.50, p = 0.013, respectively). Spleen volume reduction by the 6MWT was correlated to spleen volume at baseline (r = 0.69; p = 0.001) and SpO 2 post 6MWT (r = −0.62, p = 0.001), but not to the reduction in SpO 2 across the test (r = 0.30; NS) or to the Hb increase (r = −0.19; NS). The degree of desaturation (Δ SpO 2) during 6MWD was not correlated with the changes of spleen volume (r = 0.338; NS) or Hb (r = −0.32; NS) from baseline.
During the walking test, mean (SD) heart rate increased from 81 (16) to 105 (19) beats per minute (p = 0.001) and after 10 min recovery it was still slightly elevated at 83 (16) beats per minute (p = 0.009). The subjects covered 297 (95) meters in the 6MWT.
When "hypoxic" (n = 9) and "non-hypoxic" (n = 15) groups were compared, the "hypoxic" group displayed ICS inhaled corticosteroid, LABA long-acting beta2-agonist, SAMA short-acting muscarinic antagonist, SABA short-acting beta2-agonist, N number of subjects the largest mean resting spleen volume, 339 mL, versus 202 mL in the "non-hypoxic" group (p = 0.001; Fig. 3 ).
The "hypoxic" group also had higher mean Hb concentration than the "non-hypoxic" group at 160 g/L and 144 g/L, respectively (p = 0.003). They also responded to walking with a more pronounced spleen volume reduction, by 139 mL (36 %), compared to subjects with "nonhypoxic" COPD, which displayed a mean reduction of 40 mL (19 %; p = 0.007; Fig. 3 ). The reduction in SpO 2 was of the same magnitude; 9.7 % in "hypoxic" and 9.4 % in "non-hypoxic" subjects (NS). After walking, the "hypoxic" COPD group had a mean Hb increase of 4.5 g/L, compared to 3.5 g/L for the "non-hypoxic" group (NS).
There was no difference in the distance covered in the 6MWT between "hypoxic" and "non-hypoxic" and COPD groups (267 m versus 314 m; NS). HR responses were also similar in both groups (NS).
Discussion
The principal original findings of this study were that exercise evokes spleen contraction and Hb increase in subjects with COPD, and that the spleen response is enhanced in hypoxic subjects with COPD. The latter finding suggests that this spleen function may be essential for these individuals during hypoxic challenges similar to that found in healthy subjects during maximal exercise [23] , high altitude simulation [13, 14] or apnea [4, 5, 7] . In 
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*** ** Fig. 2 Mean (IQR) hemoglobin concentration (Hb) after 10 min rest, after 6 min walking and after 10 min recovery in 24 subjects. P < 0.001 is indicated with *** and P < 0.01 with ** compared with values obtained after 10 min rest apneic diving, these responses have been shown to be protective against acute hypoxia [5, 18] , and we suggest this may be the case also in COPD.
The correlation between spleen volume reduction and the hypoxic load of the disease is in line with observations in high altitude climbers, which were found to have enhanced spleen and Hb responses after a 2 month expedition to Mt Everest [24] . These results suggest that the spleen's ability to transfuse stored red blood cells into circulation may increase by training or long-term hypoxic exposure.
Subjects with SpO 2 > 90 % ("non-hypoxic" group) had spleen volumes in the same range as previously reported for the healthy population [25] , while their spleen volume was about 30 % larger in the subjects with SpO 2 < 90 % (hypoxic group); in the range of that observed in trained apnea divers [18] . This may suggest that baseline spleen volume could be increased by long-term exposure to chronic hypoxia. However, no increase in spleen volume was observed after the 2 month high altitude expedition [24] although it was previously observed that the best competition freedivers had larger spleens than less successful ones, which could suggest the spleen increases in size when frequently stimulated to contract [26] . In the "hypoxic" subjects with a larger spleen, baseline Hb was also higher than in the "non-hypoxic" group, possibly suggesting that the increased spleen volume may be a response to polycythemia. However, the high altitude climbers had not increased their baseline spleen volumes despite profound polycythemia as a result of the 2 month climb [24] , thus any such changes would possibly occur on longer term exposure.
The 36 % spleen contraction seen in the "hypoxic" group was of twice the magnitude compared to the 19 % in the group with the "non-hypoxic" group. A 16 % spleen volume reduction was previously reported in healthy subjects during normobaric hypoxia, but a 34 % reduction was observed in the same subjects during maximal voluntary apnea at rest [14] , despite a similar fall in SpO 2 of approximately 10 % in the two conditions. A similar fall in SpO 2 was present in subjects with COPD, but a fall from a lower initial SpO 2 level in the "hypoxic" group could possibly cause a stronger hypoxic stimulus causing the more pronounced contraction. Due to greater baseline spleen volume in the "hypoxic" group, the actual volume expelled differed more from baseline, with a mean 139 mL volume reduction compared to the "non-hypoxic" group, which displayed a mean volume reduction of 40 mL. Thus in the "hypoxic" group, the extra red cell volume was likely 3 times greater, which was also reflected by a greater increase in Hb.
The "hypoxic" group responded with a spleen volume reduction of 139 ml, which is in the range previously found in trained divers [18] , and found to have a significant physiological effect [5, 18] . Considering that the spleen contains blood with about twice the Hb as normal blood, the release of red cells would be equivalent to approximately 200 mL of blood, increasing the O 2 carrying capacity by 4 %. This is also supported by the observed elevation of Hb by 4 %. Such an increase in O 2 carrying capacity is likely to have a significant effect on O 2 delivery to the tissues in subjects with chronic hypoxia due to lung disease -similar to as during high altitude exposure.
Hypoxia has been shown to be an important trigger of spleen contraction, although not the only factor involved [14, 27] . The magnitude of spleen contraction in the present study was correlated to the degree of exerciseinduced and aggravated hypoxia. It is uncertain why the Fig. 3 Mean (IQR) hemoglobin concentration (Hb) and spleen volume after 10 min rest and immediately after 6 min walking (6MWT) in hypoxic subjects (baseline SpO 2 < 90 %) and non-hypoxic subjects (baseline SpO 2 > 90 %). *** indicates P < 0.001for Hb values and † P < 0.01 for spleen volume values magnitude of spleen contraction was not correlated to the degree of desaturation (Δ SpO 2) during 6MWD. One reason could be that the COPD patients were slightly hypoxic at rest, possibly reducing the impact of chemoreception on spleen contraction during exercise. It should be mentioned that the larger degree of spleen contraction previously seen after maximal apnea compared to eupneic hypoxia may reflect an additional influence of hypercapnia [14, 15] .
The mean Hb increase of 3.9 g/L after exercise/ 6MWT in the present study was similar in magnitude compared to previous observations in healthy subjects during apnea [5, 7, 27] , exercise [12] and eupneic hypoxia [13] . This response was more pronounced in COPD subjects with a larger spleen suggesting that spleen volume has an impact on the ability to expel erythrocytes. The Hb-response was also enhanced in subjects with pronounced SpO 2 reduction after exercise, suggesting that splenic contraction with erythrocyte expulsion is closely related to the degree of hypoxia, in accordance with the study of Richardson et al.,2009 [27] . We suggest that spleen contraction with erythrocyte expulsion may attenuate hypoxia during exercise in subjects with COPD, similar to the effect found during apnea [5, 7] . An important question is whether the responses observed in the present study will be modified by repeated or prolonged exercise, or by long-term hypoxia.
The 6MWT represents a common exercise test in COPD. It reflects maximal exercise capacity, as subjects are asked to walk as far as possible during the 6 min walk, whilst they are able to regulate the intensity throughout the test. Whether an exercise-induced spleen response is observed at lower levels of intensity or shorter duration remains to be seen.
Spleen contraction may temporarily contribute to the high Hb associated with secondary polycytemia, a common condition in COPD [28] , which may have harmful consequences related to hyperviscosity and raised pulmonary arterial pressure [29] . Spleen contraction may be involved in exacerbation of shear stress imposed by atherosclerotic plaques and plaque ruptures by increasing blood viscosity during physiological and psychological stress [30, 31] , and clearly more research is needed to elucidated the spleen's role in regulation of stress related hemoconcentration.
The observation that COPD subjects with low baseline SpO 2 had a larger spleen could possibly suggest that intermittent or chronic hypoxia may by a "training effect" lead to spleen enlargement, corresponding to observations of large spleens in the best apneic divers [18] . It could, however, also possibly be a consequence of venous pooling to the abdominal organs due to concurrent pulmonary hypertension and right ventricular heart failure, prevalent in many subjects with very severe COPD [32] . A contributing effect of such underlying conditions, although not evident in the patient group studied, cannot be completely ruled out and should be investigated.
As subjects with COPD may have frequent episodes of hypoxemia and thus erythropoietic stress, an enlargement could possibly also be a consequence of extramedullary erythropoesis, or related to hyperplasia of the reticuloendothelial system due to increased destruction of defective erythrocytes [33] . An alternative, and in our view more likely, interpretation of the role of the spleen in this context is that it may protect subjects with COPD and secondary polycytemia against negative consequences related to hyperviscosity, via the splenic erythrocyte storage of excessive red blood cells from circulation during rest. Yet another tentative explanation could be that subjects with COPD with inherently larger spleens sustain the disease better and live longer, and thus are overrepresented in the severe stages of the disease. This observation deserves additional studies in larger materials over time to be fully understood. Since the elevation of Hb increases O 2 carrying capacity while also involves an increase in blood viscosity which may lead to increased cardiovascular stress, further research will need to clarify whether the consequences are beneficial or possibly harmful for subjects with COPD. Further studies are also needed to understand the etiology of this response.
The study has some limitations. First, the study population was small and lacked a control group. Furthermore, the study population consisted of a heterogeneous group of subjects with COPD with variations in lung function, medications, spleen volume, Hb, and O 2 saturation. Due to the small sample size, only bivariate associations were analyzed. The present studies need confirmation by larger studies with control subjects. The present study population tended to have polycythemia, which is traditionally associated with hypoxia in COPD [34] . It should therefore be investigated in larger studies whether baseline Hb is an independent predictor of the spleen response.
Conclusions
The present study shows that exercise evokes acute, transient spleen contraction and Hb increase in subjects with moderate to very severe COPD and that spleen volume is correlated to the arterial oxygenation. These responses are similar to observations in healthy subjects during maximal exercise or voluntary apnea and may serve as a protection against acute and aggravated hypoxia [5, 18] . The increased spleen volume in COPD subjects with severe hypoxia at rest could be due to longterm adaptation to hypoxia. The stronger response in subjects with baselien SpO2 > 90 % may suggest an
